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(54) Abstract Title: Display and driver circuits 



(57) This invention generally relates to display driver 
circuits for electro-optic displays, and more 
particularly relates to circuits and methods for 
reducing the re-emission of absorbed light, for 
example to increase the colour gamut of organic 
light emitting diode displays. 
A driver for a display comprising a plurality of light 
emitting diode display elements, the driver 
comprising addressing circuitry to address said 
display elements, a first driver to cooperate with 
said address circuitry to provide a forward drive to 
at least one of said display elements to illuminate 
the display element, and a second driver to provide 
a reverse bias drive to others of said display 
elements at the same time as said at least one 
display element is illuminated to reduce a level of 
photoluminescence from said others of said display 
elements. 
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DISPLAY AND DRIVRR rmriTrp g 

Tliis inv«itioii generally relates to display driver circuits for electro-optic displays, and 
more particularly relates to circuits and methods for reducing thd re-emission of 
absorbed light, for example to mcrease the colour gamut of organic light emitting diode 
displays. 

Organic light anitting diodes (OLEDs) comprise a particularly advantageous form of 
electro-optic diq)lay. They are bright, colourful, fast-switching, provide a wide viewing 
angle and are easy and che^ to fabricate on a variety of substrates. Organic LEDs may 
be fifaricated using eitiier polymers or small molecules in a range of colours (or in 
multi-coloured displays), dcpendmg upon the materials used. Examples of polymer- 
based organic LEDs are described in WO 90/13148, WO 95/06400 and WO 99/48160; 
cxanqples of so called small molecule based devices are described in US 4,539,507. 

A basic structure 1 00 of a typical organic LED is shown in Figure 1 a. A glass or plastic 
substrate 102 supports a transparent anode layer 104 comprising, for example, indium 
tin oxide (TTO) on which is deposited a hole transport layer 106, an electroluminescent 
layer 108, and a cathode 1 10. The electroluminescent layer 108 may comprise, for 
example, a PPV (poly(p-phcnylenevinylene)) and the hole transport layer 106, which 
helps match die hole enogy levels of the anode layer 1 04 and electroluminescent layer 
108, may comprise, for exanq)le, PEDOT:PSS (polystyrene-sulphonate-doped 
polyetiiylene-dioxythiophene). Cathode layer 1 10 typicaUy comprises a low woric 
function metal such as calcium and may include an additional layer immediately 
adjacent clectroluminescmt layer 108, such as a layer of aluminium, for improved 
electron energy level matching. Contact wires 1 14 and 1 16 and to tiie anode die 
cathode respectively provide a connection to a power source 1 1 8. The same basic 
structure may also be employed for small molecule devices. 
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Other examples of materials which may be employed for layer 108 include poly(2- 
methoxy-5-(2'-«thyl)hexyloxyphenylene-vinylene)("MEH-PPV'0, a PPV derivative 
(e.g. a di-alkoxy or di-alkyl derivative), a polyfluorene and/or a co-polymer 
incorporating polyfluorene segments. PPVs and/or related co-polymers, poly (2,7-(9,9- 
di-?K)ctyfluoieneH 1 ,4-phenylene-((4-secbutylpheny l)imino)- 1 .4- 
phenylene))CTFB").CTFB-) poly(2,7-(9,9-di-»-octylfluorencHI,4-phcnylene-((4. 
methylphenyl)imino>l,4-phenylene-<(4-meAylphenyl)iinino)-l,4-ph^^^ 
poiy(2,7-(9,9-di-n-octyfluoreneHl .4-phenylene-((4-mcthoxyphenyl)imino)-l ,4- 
phenylene-((4-methoxyphcnyl)imino-14-phenylene))("PFMO'0» poly (2,7-(9,9-di-n- 
octyfluorcne) ("PS") or poly (2,7^9,9-di^ctylfluorcne>3.6-Benzothiadiazole) 
CFiBT*). Alternatively a so-called small molecule such as tris-(8-hydroxyquinolino 
aluminiumX"Alq3") as described in US 4,539,507, may be employed. 

In the example shown in Figure la light 120 is emitted through transparent anode 104 
and substrate 102 and such devices are referred to as '^bottom emitters'*. Devices which 
emit through the cathode may also be constructed, for example by keeping the ^ckness 
of cathode layer 1 10 less than around 50-100 nm so that the cathode is substantially 
transparent 

Organic LEDs may be dq)osited on a substrate m a matrix of pixels to form a single or 
multi-colour pixellated display. A multicoloured display may be constructed using 
groups of red, green, and blue emitting pixels. In such displays the individual elements 
are generally addressed by activatmg row (or column) lines to select the pixels, and 
rows (or columns) of pixels are written to, to create a display. So-called active matrix 
displays have a memory element, typically a storage capacitor and a transistor, 
associated with each pixel whilst passive matrix displays have no such memory element 
and instead are repetitively scanned, somewhat shnilariy to a TV picture, to give the 
impression of a steady image. 

Figure lb shows a cross section through a passive matrix OLED display 150 in \^*ich 
like elem^ts to those of Figure la are indicated by like reference numerals. In the 
passive matrix display 150 the electroluminescent layer 108 comprises a plurality of 
pixels 152 and the cathode layer 1 10 comprises a plurality of mutually electrically 



insulated conductive lines 154, nmning mto the page in Figure lb, eadi with an 
associated contact 156. Likewise the ITO anode layer 104 also comprises a plurality of 
anode lines 158, of w4uch only rate is diown in Figure lb, nmning at right angles to the 
cadiodelines. Contacts (ncrt shown in Figure lb) are also provided for each anode line. 
An electroluminescent pixel 152 at the intersection of a catiiode line and anode Ime may 
be addressed by applying a voltage between the relevant anode and cathode lines. 

Referrii^ now to Figure 2a, tiiis ^ows, concqitually, a driving anangemoit for a 
passive matrix OLED display 150 of the type shown in Figure lb. A pluraUty of 
constant cunent geimtois 200 are provided, each connected to a supply line 202 and to 
one of a plurality of column lines 204, of wiiich for clarity only one is shown. A 
plurality of row lines 206 (of \»*idi only one is shown) is also provided and eadi of 
these may be selectively connected to a ground line 208 by a switched connection 210. 
As shown, witii a positive si^ly voltage on line 202, column lines 204 comprise anode 
connections 158 and row lines 206 conqirise cathode connecti(»s 154, although tiie 
connections would be reversed if die power supply line 202 was negative and witii 
Kspect to ground line 208. 

As iUustiated pixel 212 of the display has power applied to it and is therefore 
illuminated. To create an image connection 210 for a row is maintained as each of the 

column lines is activated in turn until the complete row has bea addressed, and tiien the 
next row is selected and the process repeated. Alternatively a row may be selected and 
aU die columns written in parallel, that is a row selected and a cmrent driven onto each 
of the column lines simultaneously, to simultaneously illuminate eadi pixel in a row at 
its desired brightness. Although tiiis latter airangement requires more column drive 
ciicuitiy it is preferred because it aUows a more rjqrid refresh of each pixel. Inafiuther 
alternative anangemoit eadi pixel in a column may be addressed in turn before the next 
column is addressed, although tiiis is not prefeired because of the effect, inter alia, of 
column capacitance as discussed below. It wiU be appreciated tiiat in die anangement 
of Figure 2a tiie functions of tiie column driver circuitry and row driver circuitry may be 
exchanged. 



It is usual to provide a current-controlled rather than a voltage-controlled drive to an 
OLED because the brightness of an OLED is determined by the current flowing through 
it, this determining the number of photons it outputs. In a voltage-controlled 
configuration the brightness can vary across the area of a display and with time, 
temperature, and age, makmg it difficult to predict how bright a pixel will appear when 
driven by a given voltage. In a colour display the accuracy of colour representations 
may also be afiected. 

Figures 2b to 2d illustrate, respectively, the current drive 220 applied to a pixel, the 
voltage 222 across the pixel, and the light output 224 from the pixel over time 226 as 
the pixel is addressed. The row containing the pixel is addressed and at the time 
indicated by dashed line 228 the current is driven onto the column line for the pixel. 
The column line (and pixel) has an associated capacitance and thus the voltage 
gradually rises to a maximum 230. The pixel does not begin to emit light until a point 
232 is reached where the voltage across the pixel is greater than the OLED diode 
voltage drop. Similarly v/hm the drive current is turned off at time 234 the voltage and 
light output gradually decay as the column capacitance discharges. Where the pixels in 
a row are all written simultaneously, that is where the columns are driven in parallel, the 
time interval between times 228 and 234 coiicsponds to a line scan period. 

It is desirable to be able to provide a greyscale-type display, that is one in vdiich the 
apparent brightness of individual pixels may be varied rather than simply set either on 
or ofif. In the context of this invention "greyscale** refers to such a variable brightness 
display, \diether a pixel is white or coloured. 

The conventional method of varying pixel brightness is to vary pixel on-tune using 
Pulse Width Modulation (PWM). In the context of Figure 2b above the apparent pixel 
brightness may be varied by varying the percentage of the interval between times 228 
and 234 for which drive current is applied. In a PWM scheme a pixel is either full on or 
completely off but the apparent brightness of a pixel varies because of integration 
within the observer's eye. 
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Pulse Width Modulation schemes provide a good linear brightness response but to 
overcome effects related to the delayed pixel turn-on they generally employ a pie- 
charge current pulse (not stown in Figure 2b) on the leading edge 236 of the driving 
cunent waveform, and sometimes a discharge pulse on the trailing edge 238 of the 
waveform. As a result, charging (and discharging) the column capacitance can account 
for half the total power consumption in displays incorporating this type of brightness 
control. Other significant fectors vAnch the applicant has identified as contributing to 
the power consumption of a display plus driver combination include dissipation within 
the OLED itself (a function of OLED efficiency), resistive losses m the row and column 
lines and, importandy in a practical circuit, the effects of a limited current driver 
compliance, as e3q)lained in more detaQ lator. 

Figure 3 shows a schematic diagram 300 of a generic driver circuit for a passive matrix 
OLEDdisplay. The OLED display is indicated by dashed line 302 and comprises a 
plurality n of row lines 304 each with a corresponding row electrode contact 306 and a 
pluraBty m of column lines 308 wifli a correqxinding plurality of column electrode 
contacts 310. An OLED is connected between each pair of row and column lines with, 
in the illustrated arrangement, its anode connected to the column line. A y-driver 314 
drives the column lines 308 with a constant current and an x-driver 316 drives die row 
lines 304, selectively connecting fbt row Imes to ground. The y-driver 3 14 and x-driva 
316aretypically both underthe control ofaprocessor318. A power supply 320 
provides power to the circuitry and, in particular, to y-driver 314. 

Figure 4 shows a typical active inatrix OLED driver circuit 400. A circuit 400 is 
provided for each pixel of the display and ground 402, V,, 404, row select 414 and 
column data 416 busbars are provided interconnecting the pixels. Thus each pixel has a 
power and ground connection and each row of pixels has a common row select line 414 
and each column of pixels has a common data line 416. 

Each pixel has an organic LED 406 connected in series witii a driver transistor 408 
between ground and power lines 402 and 404. A gate connection 409 of driver 
transistor 408 is coupled to a storage cqwcitor 410 and a control transistor 412 couples 
gate 409 to column data line 416 under control of row select line 414. Transistor 412 is 



a field effect transistor (FET) switch which connects column data line 416 to gate 409 
and capacitor 410 when row select line 414 is activated. Thus when switch 412 is on a 
voltage on column data line 416 can be stored on a capacitor 410. This voltage is 
retained on the capacitor for at least the fiame refresh period because of the relatively 
high impedances of the gate connection to driver transistor 408 and of switch transistor 
412 in its ""ofT state. 

Driver transistor 408 is typically an FET transistor and passes a (drain-source) cunent 
vMch is dependent upra ttie transistor's gate voltage less a threshold voltage. Hius the 
voltage at gate node 409 controls the current through OLED 406 and hence the 
brightness of the OLED. 

A voltage-driven active matrix display is described in US 5,684365 and a cuirent- 
driven active matrix display is described in WO 99/65012. Other specific exanq)les of 
OLED display drivers are described in US 6,014,1 19, US 6,201^20, US 6,332,661, EP 
1,079,361A and EP 1,091,339A; OLED display driver integrated circuits are also sold 
by Clare Micronix of Clare, Inc., Beverly, MA, USA. The Clare Micronix drivers 
provide a current controlled drive and achieve greyscaling using a conventional PWM 
approaclu US 6,014,1 19 describes a driver circuit in vAnch pulse width modulation is 
used to control brigjhtness; US 6,201,520 describes driver circuitry in ^ch each 
column driver has a constant current generator to provide digital (on/ofi) pixel control; 
US 6,332, 661 describes pixel driver circuitry in >^ch a reference cunrent generator 
sets the current output of a constant current driver for a plurality of columns, but this 
arrangement is not suitable for variable brightness displays; and EP 1,079361 A and EP 
1,091,339A both describe similar drivers for organic electroluminescent display 
elements in v^ch a voltage drive rather than a current drive is employed. 

Display technologies based upon inherently emissive devices, unlike, for exanq>le, 
LCDs, tend to have a bright and visually pleasing appearance. There is a continuing 
need to improve the visual contrast of emissive displays and OLED-based displays in 
particular, but it is not always clear what effects contribute to contrast reduction. The 
applicant has recognised that the electroluminescent materials normally used in both 



organic and inorganic light emitting diodes are generally also photoluminescent, and 
that this photoluminescence can contribute to contrast reduction. 

Photoluminescence is a phenomenon in wfaich^ broadly speaking, a material absorbs 
Ught at oiie wavelength and re-eniitsliglit at a longer wavelength. This 
photoluminescence can be difficult to observe, even under laboratory conditions, but 
has the effect of giving a display a less lively appearance, particularly under bright 
ambient light conditions, and especially outdoors in sunlight The applicant has found 
that such contrast*reducing photoluminescence can be stimulated either by absorbed 
ambient li^ or by self*absorption particularly, for example, in a display comprising a 
plurality of pixels, where Ught from one pixel can cause a neighbouring nominally off 
pixel to photoluminesce. In a colour display this effect can also cause a colour shift, as 
desCTibed further later. 

In more detail, referring to Figures la and lb, incident ambi«t light passes through the 
substrate 102, transparent anode 104, and hole transport layer 106 to the layer of 
electroluminescent material 108 where it is absorbed generating excitons, that is bound 
electron-hole pairs. Alternatively excitons may be generated by light fiom nearby 
illuminated pixels propagating throu^ the electroluminescent layer 1 08, and/or 
transparent anode layer 104, and/or hole transport layer 106, and/or substrate 102. 

With no applied field a significant fraction of these optically excited excitons rqyidly 
radiatively decay emitting light substantially isotropically according to the 
photoluminescence spectra of the material or materials forming layer 108. The fraction 
of the excitons decaying radiatively depends upon the photoluminescence efficiency of 
the material and tqion the cpplied field. When the diode formed by the device is in an 
off state - typically, but not necessarily, when the anode and the cathode are at the same 
electrical potential - layer 108 is in a quiescent photo-emitting state. Thus when tfie 
display is viewed an obs^er sees a combination of the emitted jAiotoluminesoence and 
reflected and/or scattered light fiom the display, both of which tend to reduce the 
display contrast. 
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Prior art contrast imimving techniques have concentrated upon the use of anti- 
reflection devices, such as filters, the circular polariser described in US 6,21 1,613 
(W097/38452) assigned to the present applicant, and the black anti-reflection cathode 
described in US 5,049,780. However these techniques can be insuflBcient, for example 
reducing the desired light emissioa Moreover these techniques are unable to reduce the 
level of self-stimulated photoluminescence. 

Background prior art relating the improvement of colour purity in electroluminescent 
displays is described in EP 1 087 444, which relates to separate red, green and blue 
gamma correction, and in EP 1 093 322, w*ich relates to OLED device instruction. 

The applicant has recognised that contrast in a light emitting diode-based display, such 
as a passive or active matrix OLED-based display, may be increased by reducing the 
contrast-reducing photoluminescence. Where the display comprises light emitting 
diodes, especially organic LEDs, this photoluminescence may be reduced or quenched 
by reverse biasing selected ones of the light emitting diodes, that is those LEDs not 
emitting at any particular moment in time. 

The possibility of improving OLED display contrast by reducing or quenching 
photoluminescence has nevor previously been recognised. Schemes for applying 
reverse bias to OLED displays are known in the prior art, but these are not intended or 
suitable for improving contrast by the reduction of photoluminescence. Consequently 
these prior art reverse biasing schemes exhibit some differences firom those described 
below for contrast-improving photoluminescence reduction. 

U. Lanmer et al.. Synthetic Metals, 67 (1994) 169-172 describes the experimental 
observation of the basic phenomenon of photoluminescence quenching in an 
rrO/PPV/Al structure. 

WO98/41065 discloses the application of either polarity of driving voltage to an 
electroluminescent polymer-based display to drive either red light emission fiom an 
interface of the polymer or green light emission from the bulk of the polym^. 



However, in both cases, the ligjit emitting semiconductor is forwaid biased (the device 
effectively comprises two back-to-back diodes). 

US 6,201,520 describes the use of reverse biasing for non-selected pixels in a pixellated 
OLED display to prevent crosstalk which could otherwise be caused by tiie (electrically) 
semi-excited state of the non-selected pixels* However US'S20 does not specify any 
particular value of reverse bias drive and does not provide any teaching on the 
application of a reverse bias drive sufificient to provide an improved contrast display by 
photoluminescence quenching. Furthermore the mechanism for applying a reverse bias 
in US*S20 limits the reverse bias voltage to the forward bias voltage whereas, generally 
speaking, it is preferable to apply a larger reverse bias voltage than the fcmvard voltage 
to achieve adequate photoluminescence reduction for improved contrast 

US 5,965,901 , assigned to the present q>plican[t, describes tiie use of a pulse driving 
scheme for an organic light-emittiiig polymer device to improve device lifetime in 
which positive pulses are separated by negative (reverse bias) pulses. However this 
document does not contemplate qiplying reverse bias to some pixels at the same time as 
q>plying forward bias to others and is thus unsuitable for reducing photoluminescence 
stimulated by emission firom pixels within the display. Furthermore again the document 
does not provide any teaching on the qyplication of a reverse bias drive sufficient to 
provide an improved contrast display by photoluminescence quenching. 

EP 1094438A describes the periodic application (for example, every fiame) of reverse 
bias to reduce leakage current due to throu^-film shorts. 

Accordiiig to the presmt invention there is provided a driver for a display comprising a 
plurality of light emitting diode display elements, the driver comprising addressing 
circuitry to address said display elements, a fust driver to cooperate with said address 
circuitry to provide a forward drive to at least one of said display elements to illuminate 
the display element, and a seomd driver to provide a reverse bias drive to others of said 
display elements at the same time as said at least one display element is illuminated to 
reduce a level of {riiotoluminescence fix)m said others of said display elonents. 
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Reverse biasing some of the display elements while forward biasing others helps to 
improve contrast by reducing photoluminescence due to ambient light absorption and 
self-stimulation. Providing two drivers, one to provide a forward drive and the other for 
the reverse bias drive, simplifies the driving circuitry and facilitates reverse biasing 
some display elements w^st forward biasing others. For example providing two 
drivers for a passive matrix display allows even some pixels in a column selected for 
forward biasing to be reverse biased. 

Preferably the first driver is a current driver such as a controllable or adjustable or 
modulatable substantially constant current driver, and the second driver is a voltage 
driver. A precision reverse bias voltage drive is not necessary, however, and thus the 
voltage driver need not be a constant voltage driver. Thus the first driver is preferably 
configured to provide a positive output with respect to a ground level, and the second 
driver to provide a negative output, positive in this context denoting a forward bias 
direction. Providing a forward current drive and a reverse voltage drive is q)propriate 
to the functions of these two drives since a forward current drive assists in providing a 
consistent and/or controlled output whilst photoluminescence quenching, although 
needing a small, light-dependent current is, broadly speaking, a voltage driven effect 
In order to be operable from a single-ended supply the driver preferably incorporates 
means, such as an inverter or charge pump, to generate a negative supply voltage for the 
second driver to provide the reverse bias drive. 

The driver may configured to provide pulse width modulation control of the brightness 
of a display element, for example by modulating a substantially constant current drive. 
In such an arrangement some benefits of the invention may be obtained without reverse 
biasing some of the display elements at the same time as forward biasing others, since 
vAim the pixels are not all at their maximum brightness there will be periods vAxetx 
none of the pixels will be forward driven. A reverse bias may be applied during this 
period (or during these periods) to reduce the photoluminescence fipom ambient 
illumination rather than self-stunulation, to provide some improvement in contrast 
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In ooe embodiment the driver is configured for driving a passive matrix display and has 
row and column drivers for addressing the pixels, either individuaUy or a row (or 
column) at a time. 

Tte visually observed d^iee of contrast inqnovement depends upon the brightness of 
the illumination, and also on its wavelengdi or spectral diaracteristics since 
photoluminescence occurs at a longer wavelength dian the incident Ulumination. 
Preferably the reverse bias is sufficient for a visibly discemaUe improvement in display 
contFBSt under sunlig^ vUch has a ^ical illuminance of 10,000 (or more) lux (for 
indirect sunlight) and 100,000 (or more) lux (for direct sunlight), and which has a 
spectrum qiproximating that of a black body at S400K. 

In another wpexx the invention provides a display driver for a colour di^lay, the display 
comprising at least two types of electroluminescent pixels, a first type of pixel having 

an emission peaked at a first wavelength and a second type of pfatd having an emission 
peaked at a second, longer wavelength, the display driver being coofigued to drive at 
least smne of said first type of jrixel on at a different time to pixels of said second type, 
and vHats&a the displqr driver is fiirtiter craifigured to reverse bias at least some of said 
second type of pixel during the period when said at least some of said first type of pixel 
are driven oa 

The pixels may be alternate or sequentiaUy driven so that one set of pixels of a first 
colour is driven whilst a second set of pixels of a second colour, redder than the first, is 
reverse biased. The forward and reverse Uasing may be performed, for example, under 
processor ccmtrol, vrfiich can provide the advantage of being substantially transparent to 
a user of the dispby driver. Pulse width modulation brightness and/or colour control 
may also be incorporated. Hie reverse biasing may be accon^Ushed sufficiently 
rqiidly not to be noticed by a human observer of the display. The display may be of a 
passive matrix type or of an active matrix or of some other type, for example a 
segmented display with a sqiarate electrode for each display element or segment 

According to a related aspect of the invention tiiere is also provided display driver 
circuitiy for providing an inqmved contrast electroluminescent display, the 
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electroluminescent display comprising a plurality of electroluminescent (EL) display 
elements, the display driver circuitry comprising a driver to apply a first polarity drive 
to at least one first display element of said EL display elements to cause said at least one 
first display element to electroluminesce; and means to apply a second polarity drive to 
at least one second display element of the EL display elements to at least partially 
quench photoluminescence fiom said at least one second display element, said first and 
second display elements comprising difTeroit display elements, said first and second 
polarity drives comprising opposite polarity drives, and said first and second polarity 
drives at least partially overlapping in time. 

Preferably the driver is an adjustable, controllable, or modulatable substantially constant 
current driver. The photoluminescence may be quenched by, for example, 5%, 10%, 
20%, 50% or more, preferably to provide a visible improvement in contrast. The 
display driver circuitry may provide an improvement in contrast of, for example, more 
than 1%, more than 5%, more than 1 0% or more than 20%, vihen the contrast is 
measured in accordance with an integrating sphere method, an open box method, or a 
sampling ^here method as described, for example, in US National Institute of 
Standards and Technology document NISTIR 6738, ''Proposed Difiuse Ambient 
Contrast Measurement Methods for Flat Panel Displays", Edward F Kelley, April 2001. 

The means to q)ply the second polarity drive may comprise voltage drive means, for 
example to provide a voltage drive of at least 5 volts, preferably at least 10 volts, and 
more preferably at least 20 volts. Alternatively the means to apply the second polarity 
drive may comprise means to connect the first polarity drive back to firont across a said 
display element. 

The electroluminescent display may be a passive matrix display, the display driver 
circuitry then including row and column electrode driver circuitry. The driver circuitry 
may be configured to reverse bias pixels with a row or column electrode in common 
with a forward driven display element or pixel. 

In a related aspect the invention also provides a method of using a display driver to 
improve contrast in a display comprising a plurality of light emitting diode display 



elements, tl^ method comprising operating the display driver to reverse-bias non- 
emitting di^lay elements to at least partially quench photoluminescence fiom said non- 
emitting diq^lay elements ^er^ said display contrast is enhanced. 

This method provides similar advantages to the above-described display drivers and 
msy be employed to im|H0ve contrast in a multicolour display and, in effect, to provide 
improved colour gamut In the above method it will be understood tfial display 
elements which are at times non-emitting may nevertheless appear illuminated if at 
other times fljey are light-emitting, for example vAxere display elemmts are rapidly 
driven on and ofif to give the appearance of being illuminated. 

In another aspect the invention provides a use of a display driver to improve contrast in 
a display comprising a plurality of light emitting diode display elements, comprising 
using the display driver to reverse-bias non-emitting display elements to at least 
partially quench photoluminescence fiom said non-emitting display elements. 

The invention further provides an active matrix multicolour display, the display 
comprising a plurality of light emitting diode display elements and a plurality of 
associated display element driver circuits, a said display element driver circuit being 
configured for providing both a forward and a reverse drive to the display element with 
^ch it is associated. 

The invention also provides a method for improving the contrast of a multicolour 
organic electroluminescent display device, the display device comjmsing a phmdity of 
organic electroluminescent elements, and a driving device for selectively controlling Ae 
current through each element and the bias voltage across each element such thai each 
organic eletroluminescent element may be selectively forward biased to cause light 
emission fiom said element, unbiased or reverse biased, the method being diaracterised 
in that when a selection of said organic electroluminescent elements are forward biased 
a fiirther selection of said organic electroluminescent elements are reverse biased at a 
voltage sufficient to quench the photoluminescent emission emitted fiom said further 
selection of electroluminescent elements. 
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There is further provided a method of increasing the colour gamut of an emissive colour 
display, the display comprising at least two types of electroluminescent pixels, a first 
type of pixel having an emission peaked at a first wavelength and a second type of pixel 
having an emission peaked at a second, longer wavelength, the method comprising 
reverse biasing at least some of said second type of pixel at least whilst some of said 
first type of pixel are illuminated. 

In all the above drivers, driver circuits and methods the display preferably comprises 
organic light-emitting diode display elements. These may be arranged as a matrix, in 
either a single colour to provide a monochrome display, or in a matrix comprising 
groups of pixels of different colours to provide a multicolour display. Alternatively the 
OLED display elements may comprise separately driveable segments of a display such 
as a seven*segment numerical display or a multi-segment display dedicated to a 
particular ^plication. 

These and other aspects of the invention will now be further described, by way of 
example only with reference to the accompanying figures in ^ch: 

Figures 1 a and lb show cross sections through, respectively, an organic light emitting 
diode and a passive matrix OLED display; 

Figures 2a to 2d show, respectively, a conceptual driver arrangement for a passive 
matrix OLED display, a graph of current drive against time for a diq;)lay pixel, a gnq>h 
of pixel voltage against time, and a gnq[>h of pixel light output against time; 

Figure 3 shows a schematic diagram of a generic driver circuit for a passive matrix 
OLED display according to the prior art; 

Figure 4 shows a typical active matrix voltage-controlled OLED driver circuit; 
Figure 5 shows a pixellated colour OLED display and driver. 



Figures 6a and 6b show spectra of electroluminescent materials illustrating 
photoluminescence quenching; 

Figure 7 shows a pixel driving waveform for photolummescence quenching for 
iniproved display contrast; 

Figures 8a and 8b show first and second driver circuits for reverse biasing pixels of a 
passive matrix displ^ 

Figures 9a to 9f show, respectively, a non-illuminated, non-reverse biased cross-section 
through the colour display of Figure 5; a blue-iUuminatcd pfacel with red and green 
photoluminescence; a blue illuminated pixel with red and green photoluminescetice 
quenched by reverse biasing; a green illuminated pixel with red photoluminescmoe; a 
green illuminated pbcel with red photolummescence quenched by reverse biasing; and a 
red illuminated pixel; 

Figure 10 shows a CIE colour space diagram illustrating contraction of the colour gamut 
of an OLED display due to photoluminescence; 

Figure 1 1 shows colour pixel driving waveforms for photoluminescence quenching for 
improved colour gamut; 

Figure 12 shows experimental apparatus for characterising photoluminescence 
quendung 

Figures 13a and 1 3b show photoluminescence quenching signals for two devices 
measured using the apparatus of Figure 12; 

Figure 14 shows photoluminescent intensity as a function of illumination wavelength 
for the device of Figure 13a; and 



Figure 15 shows a possible theoretical mechanism for photoluminescence quenching. 
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The applicant has recognised that contrast in a light emitting diode-based display, such 
as a passive or active matrix OLED-based display, may be increased by reducing the 
contrast-reducing photolimiinescence. Where the display comprises light emitting 
diodes, especially oi^anic LEDs, this photoluminescence may be reduced or quenched 
by reverse biasing selected ones of the light emitting diodes, that is those LEDs not 
emitting at any particular moment in time. 

Consider, for example, a simple OLED display, such as that shown in Figure la or lb, 
vdth no forward or reverse bias applied. The apparent colour of the (non-illuminated) 
display is a combination of the colour of the photoluminescence from 
electroluminescent layer 108 of the display and the intrinsic colour of layer 108 and 
other layers, in particular the cathode layer, of the device. Thus where, for example, 
layer 108 is intrinsically colourless and photoluminesces in blue, under vdiite ambient 
light the display (or non-forward driven pixels) will appear bluish with no bias, tending 
to reduce diq[>lay contrast. However with a reverse bias applied the display (or non- 
illuminated pixels) will appear colourless or will have the cathode colour, hence 
allowing an increased contrast between pixel on and off states. Prefierably the cathode 
is absorbing or black. Where the cathode is partially transparent, so that yAm the 
display (or a phcel) is off (not electroluminescing) a viewer may see duough the cathode 
to what is behind, an absorbent or optically black layer may be provided behind the 
cathode. 

Referring now to Figure S, this shows an example of a pixellated display and driver 
structure SOO. This broadly corresponds to the above desoibed display structures 
except that the photoluminescent layer 108 is pixellated, that is it is divided into a 
plurality of separate display elements SQ2. Likewise the cathode layer (or layers) is 
divided into a phuality of separate cathodes each with its own contact. The substrate 
102, anode 104, and hole transport layer 106 are, however, common to all the pixels. 
Thus an individual pixel may be switched ofiTby ^lymg a reverse bias between the 
common anode 104 and the appropriate cathode connection 156. In other pixellated 
displays X- Y pixel addressing may be employed using row and column electrodes. 



In the arrangement of Figure 5 the individual photoluminescent displqr elements have 
different colours to provide a colour display. For example blue pixels may be provided 
using blue photoluminescent material and red and green pixels may be provided by 
filtoing vAiite photoluminescent emission. 



The display equipment includes display driver circuitry 504 and a power source 
illustratively shown by battery 506. The display 502 comprises a phnality of red 508, 
green 510, and blue 512 pixels ananged in a pattern vAuch, fiom a distance, is capable 
of providing the appearance of a variable colour display. A variety of pixel patterns are 
possible in addition to tiie one shown to help reduce visual artefiKts. Fwexamplea 
repeated pattern of four pixels, red, green, greoi and blue may be employed. 

Display driver 504 receives a display signal input 514 and provides an output 516 to 
drive electrodes 156. As iUustratod in Figure 5 the common anode connection 104 and 

the negative terminal of the power source, battery 506, are both connected to ground. 
The di^lay driver qiplies a positive voltage from power source 506 to a selected 
cathode connection in accordance with the dispfaiy signal input on line 514. The display 
signal may comprise a single pbcel on/oflf signal or may comprise an analogue or digital 
pixel brightness signal indicating a desired level of pixel brightness between the on and 
ofif states. In a colour display such as is illustrated separate signals are preferably 
provided for each red, green and blue pixel, to give the appearance of variable colour 
pixels. 

The display driver may also incorporate means to provide an adjustable duty cycle 
pulse-width modulated (PWM) drive signal to each pixel responsive to the display 
signal input on line 514. Hie pulse modulated driving signal may have a zero or 
forward bias first current or voltage drive level and a second reverse bias voltage (or 
current) drive level. To reduce dispUy flicker preferably the PWM signal should have a 
frequency of greater than 50 Hz, more preferably greater than 6OH2, most preferably 
greater than 75Hz. By selecting, for example, one of a plurality of maric-space ratios 
provided by a pulse generator the colour and luminescence or brightness of a pixel may 
be controlled. 
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Refeiring now to Figure 6, this shows exemplary spectra of two different types of 
electroiuminescent material in Figures 6a and 6b. In Figures 6a and 6b the y-axis 
represents the intensity of light onitted fiom a device such as those shown in Figures la 
and lb. 

The spectrum of Figure 6a is representative of materials which altihough having a 
relatively high photoluminescence efficiency also have a strong intrinsic colour. An 
example of such a material is the polymer blend F8BT-TFB, ^ch has a 
photoluminescence efficiency of greater than 80%, photoluminescing yellow under 
vAnie li^t, but also having an intrinsic yellowish colour, so that the matmal looks 
yellow even when the photoluminescence is quenched. This residual or intrinsic colour 
arises because the material intrinsically absorbs a set of wavelengths whidi gives it a 
yellow q)pearance. This yellow colour is also apparent when the material is deposited 
as a thin film as the material's absorption is still a significant factor. 

Figure 6a shows three spectra 600 (not to scale) illustrating the variation of light 
intensity with wavelength for a material such as F8BT-TFB with an intrinsic colour. 
Spectrum 604 represents a photo-emission spectrum of a material in a device such as 
that shown in Figure 1 a or lb with zero applied bias. With forward bias the spectrum 
shifts to spectrum 606, with an enhanced electroluminescent emission and a peak which 
is shifted towards longer (redder) wavelengths. When reverse bias is applied to a device 
containing a material the spectrum shifts to spectrum 602, showing that the 
photoluminescent light emission is reduced in intensity and that the peak wavelength is 
shifted towards the blue. 

Figure 6b, by contrast, shows a set of spectra 610 (not to scale) for a device containing a 
material with no intrinsic colour. Spectrum 614 shows the device photoluminescing 
with no applied bias, spectrum 61 6 the spectrum with forward bias q>plied with 
emission enhanced by electroluminescence, and spectrum 612 the spectrum with reverse 
bias applied to substantially quench the photoluminescence. As can be seen from 
Figure 6b the positions of the peaks of spectra 612, 614 and 616 remain substantially 
constant as substantially the only contribution to the device^s colour arises from the 
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emitted jdioto/electroliuniiiescence and not, as in Figure 6a, fiom any contribution fiom 
the material's intrinsic colour. 



nie light from the displqr will generally include two components. A fiist component 
comprises the electro or photoluminescoit emission itself and a second component 
arises fiom reflection or scattering of the ambient illumination by die diq>lay . This 
second oonqxmait may be reduced by, for exanq>le, using a transparent or black 
cathode as described in US 5,049,780 or by using a circular polarising filter as 
described m US6,21 1,613 (W097/38452). In such devices relatively UtUe light may be 
scattered fiom the photoluminescent tayer itself in wdiich case the spectn of Figure 6a 
may approach those of Figure 6b. 

Although tfiese spectra, and a possible photoluminescence quoichmg mechanism 
described later, are discussed with reference to F8BT and TFB, these are merely given 
as examples to &dlitate expbmation. Applications of the invention are not limited to 
these materials, which may be employed with any elecuWphotoluminescem materials, 
including inorganic materials and, in particular, to any OLED-based devices. 

Referring now to Figure 7, flus shows (not to scale) an exemplary pulse-widtt 
modulated (PWM) waveform 700, as is known in the art for use m controlling pixel 
brightness, but additionally incorporatmg a photoluminescoice quenching idiase. The 
waveform shows the voltage applied to a pixel against tune, the voltage varying 
between a first forward bias level 702, in the illustrated example +10 volts, and a second 
reverse bias level 704, in the ilhistrated example - 20 volts. This reverse bias level may 
correspond to the reverse Inas needed for substantially coiiq)lete photoluminescence 
quenching under ^cal operating conditions. Alternatively partial photoluminescence 
quenching, such as 5%, 10%, 20%, 50% or greater quenching, may be deemed 
sufficient to provide useful contrast enhancement The portion of the wavefbnn at 
voltage level 702 is referred as die "marie" and the portion of the waveform at level 704 
as the "space". The waveform of Figure 7 may be generated by the display driver 
drcuitry 504 of Figure 5. 
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In Figure 7» for the purposes of simplifying the illustration the waveform is shown as 
alternating between forward and reverse voltage drive levels. However it will often be 
preferable to provide a substantially constant current forward drive anangement, 
optionally adjustable or controllable, rather than a forward voltage drive. A reverse 
current drive may also be provided, although this is less preferable to a voltage drive as 
the pixel LEDs generally have a high impedance in the reverse direction. Unlike the 
forward drive, ^ch should preferably be carefully controlled to provide uniform 
display brightness, the exact level of reverse drive is not critical and need not be closely 
regulated. 

During the mark portion of the waveform, the pixel luminescences and during the space 
portion of the waveform, any photoluminescence due to illumination by ambient light or 
other pbcels is substantially qurached, thus increasing the apparent contrast of the 
display. Pulse width modulation brightness control is particularly suited to passive 
matrix displays. In such a passive matrix display, whilst one pixel is selected and 
forward biased, as previously described with reference to Figures 2a, 3 and 5, other 
pixels in the display may be reverse biased. Depending upon the switching and driving 
arrangement employed the reverse biased pixels may comprise pixels in other rows 
and/or columns to the row and/or column of the selected pixel or pixels or additional 
pixels in the same row and/or column as a selected pixel may also be reverse biased. 

The skilled person will further recognise that in a display driver with PWM-based 
brightness control it is straightforward to reverse bias all the pixels in the display during 
periods in the PWM waveform, such as period 704 in Figure 7, vihsa the selected pixel 
is itself reverse biased. This can be done, for example, by selecting all Ae pixels during 
period 704 ^en the selected pixel is off (and reverse biased) and driving all these 
pixels fiom a common bias generator or a plurality of reverse bias generators or drivers. 

The frequency of the PWM waveform is chosen so that rather than a pixel qypearing to 
flash on and off, emission fiom the pixel q>pears substantially continuous, but with a 
brightness proportional to the on or mark period of the waveform. To achieve this, a 
frequency of at least 25 Hz to SO Hz is generally required. It can be seen fiom that 
when the mark-to-space transition 706 is as shown, the pixel appears at approximately 



25% of its foU brightness. Tiwjsition positions 708 and 710 conespond, respectively, to 
pixel brightnesses of 50% and 75%, and 100% brightness corresponds to a steady state 
+10 volts (in the example) with a 100% marie : space ratio duly cycle. Waveforms other 
than that shovm in Figure 7 may also be used and, for example, die driving waveform 
need not have square edges. 



As previously mentioned, using pulse width modulation has the advantage that there is s 
substantially linear relationship between the duty <grcle and the apparent pixd 
brightness. Were the pixel brightness to be varied by varying the reverse bias voltage 
the characteristics of uidividual pixels would need to be relatively closely matched and 
some form of linearisation, such as a look-up table, might also be necessary. An 
additional or alternative form of brightness control comprises sub^iividing each pbcel 
into n sulvpixels with area ratios in powers of 2 (2". 2\ 2^ etc), thus providing 2" 
different brightness levels dependmg upon which sub-pixels are selected to be on. 

In principle, every pixel in the display may have a different brightness to die other 
pfacels and thus the display driver 504 of Figure 5 should be capable of driving each 
pixel widi a pulse width moduhited waveform appropriate for its selected brightness. 
One way of achieving this is to provide a separate, variable pulse-widtfa pulse generator 
for each pbcel or for each row or column of pfaceb in the display. Integrated circuits 
which can be used for this purpose are available fiom the Clare Micronix subsidiary of 
Clare, Inc, California, USA and include the MXEDlOl and MXED102. For example, 
die N!XED102 is a 240 channel cascadable column driver providing 240 independently 
adjustable pulse width modulated outputs. Data sheets for these devices are avaih^le 
on the Clare Micronix website and are hereby incorporated by reference. 

In operation it is believed that when the diode formed by the anode, cathode and 
electroluminescent layer is reverse biased, that is when the anode is held at a lower 
electrical potential than the cathode, a fraction of the excitons generated by incident 
ambient or other iUuminadon are split into their constituent holes and electrxns. These 
holes and electrons are then conducted out of the structure with the aid of the appUed 
electric field. Hius diis fiaction of the excitons is prevented fiom radiatively decaying 
and hence emitting photoluminescence. The fiaction of the excitons split apart in this 
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way is detennined by the reverse voltage applied to the device, and thus the level of 
photoluminescence can be controlled from a maximum value with no applied voltage to 
a reduced value depending upon the degree of reverse bias. 

It will be appreciated that the additional power consumption of such a reverse-biased 
device is very low because, essentially, the only power required is that to conduct away 
the holes and electrons of the split excitons. This will vary depending upon the degree 
of incident illumination and iq)on the photoluminescence efficiency. It wiU also be 
q)preciated that since a larger reverse bias is needed for greater photoluminescence 
reduction, the power consumption is to some degree dependent upon the degree of 
contrast required and upon the level of incident illumination. For example the reverse- 
bias power consumption will be higher in high ambient light conditions such as bright 
sunlight. The contrast improvement will be most apparent in materials v^ch have both 
a high electroluminescent efficiency and a high photoluminescent-quenching efficiency. 
One example of such a material is F8BT-TFB. 

Referring now to Figure 8a, this shows a driver circuit 800, similar to that of Figure 3, 
but including means for reverse-biasing non-emitting pbcels. The OLED display 302 
corresponds to tiie OLED display of Figure 3, and like features are indicated by like 
reference numerals. In Figure 8a a battery 802 provides power to a switch mode power 
supply unit 804 to provide, efficientiy, a regulated DC power ou^ut. A separate 
inverter 808 is used to generate a negative power supply voltage for reverse biasing. In 
a practical design inverter 808 may be combined witii switch mode power supply 804, 
or invoter 808 may comprise a second switch mode power supply, or a charge pump, or 
any other convmtional means of generating a negative power supply. Alternatively a 
power supply derived from battery 802 may be split to provide positive, negative and 
ground reference voltages, or where, for example, the display is mains or similarly 
powered a conventional dual rail power supply may be employed. 

The positive supply from power supply 804 supplies a forward driver 806 comprising, 
for example, a constant current generator. The negative voltage fix>m inverter 808 
supplies a reverse bias driver 810 typically a voltage driver, tiiat is, a regulated or 
unregulated voltage source as opposed, for example, to a constant current source. The 
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drive outputs fixun forward driver 806 and reverse driver 810 ate provided to a column 
driver 814 including a plurality of switches 814a, one for each column electrode. Each 
switch is configured to connect a column electrode either to forwaid driver 806 or to 
reverse driver 810. A processor 812 has a data/control input for providing data (or 
display to tiie di^lay drivw and has a first output for controlling tfie column drivw 814 
and in paiticulariy switches 814a. A row driver 816 is also provided, including a 
phuaUty of switdies 816a, each for selectively connecting a row dectrode 306 of 
display 302 to ground. Switches 816a are likewise under control of processor 812. 

In operation processor 812 controls row driver 816 to select a row of the passive matrix 
OLED display 302, that is to selectively connect a row to ground, and controls column 
driver 814 to selectively connect one or more of the column electrodes to foiwaid driver 
806. The i»xel or pixels c(Mmected between the forward-driven cohmm or columns and 
the selected row are thus forward-biased and emit light. The "unselected" columns an 
connected to reverse driver 810 and the "unselected" rows are also connected to ground 
to reverse bias the "off" pixels. It will dierefore be appreciated that in a simplified 
anangement row driver 816 may be dispensed with. Processor 812 may incorporate 
hardware and/or software for pulse width modulation brightness cratrol of "on" pixels. 

Refening now to Figure 8b, this diows a conceptual schematic diagram of a variant 850 
ofthe driver drcuitiy shown in Figure 8a. As with driver circuitry 800 ofFigure 8a a 
forward driver 806 and a leveise driver 810 are provided, the forward driver preferably 
comprising a substantially constant source, albeit preferably adjustable or controllable 
for brightness control, and the reverse driver 810 preferably comprising a (negative) 
voltage drive. Column switches 852a, b are provided to connect a column electrode of 
display 302 eidier to forward driver 806 or to ground. Likewise row switches 854a, b 
are provided to selectively connect each row either to reverae driver 812 or to ground. 

As Ulustrated in Figure 8b, switches 852a and 854a are connected to forward bias 
OLED pixel 312a into light emission. Likewise switch 852b also couples OLED pixel 
312b to forward driver 806 which, being in the same row as pixel 312a, is also forward 
driven into Ugfat emission. Switch 854 (and the switches of other non-selected rows not 
shown in Figure 8b) is, however, configured to connect the non-selected row (or rows) 



to reverse driver 810. Reverse driver 810 is configured to provide sufficient reverse 
bias drive that OLED pixels 312c and 3 12d are reverse biased even though their anodes 
are connected to forward driver 806. The output of reverse driver 810 may therefore be 
greater than the desired reverse bias by an amount approximately equal to the expected 
forward bias from forward bias 806. Where forward driver 806 is a current driver, the 
forward drive voltage will depend, among other things, on ihe OLED characteristics 
but, generally speaking, it is possible to estimate an approximate forward drive voltage 
output or range of outputs and then to provide a reverse bias voltage with an adequate 
margin. 

Hie arrangonent of Figure 8b is useful in that it is normal to select a row and then drive 
many or all of the column electrodes simultaneously, to provide efiBcient refreshing of 
the display. It is therefore desirable to be able to apply reverse bias to non-selected 
pixels in such a situation. 

It will be predated that in a segmented display or a combination display in vAdch at 
least some of the display elements have separate drive electrodes, reverse biasing of 
unselected or non-emitting display elements is simply a matter of selecting either a 
forward or a reverse bias drive for application to respective electrodes of emitting and 
non-emitting display elements or segments. 

A particular problem with the re-emission of absorbed light arises in the context of 
colour electroluminscent displays, as illustrated in Figure 9. Ambient light and light of 
a shorter wavelength than a particular pixel colour can cause photoluminescence fixim a 
pixel. Thus, for example, when blue pixels are illuminated nearby red and green pixels 
photoluminesce and when green pixels are illuminated nearby red pixels 
photoluminesce. 

Figure 9a shows, schematically, red 902, 908, green 904, 91 0 and blue 906 pixels under 
ambient light 912. The ambient light 912 causes a low level of photoluminescence 914 
fiom all the pixels. 



In Figure 9b blue pixel 906 is forward driven to electroluminesce 916 and the red pixel 
908 on one side of blue pixel 906 and the green pixels 904, 910 on another side of blue 
pixel 906 both photoluminesce 918. Similarly the slightly more distant red and green 
pixels 902, 910 also photoluminesce 920, albeit with a reduced intensity. In Figure 9d 
green pixels 904 electroluminesce 922 causing adjacent red pixels 902, 908 to 
photohmiinesce 924, although blue pixel 906 being of a shorter wavelength, is not 
stimulated to photoluminesce. In Figure 9f red pixel 902, 908 are forward driven to 
electiolummesce 926 but the green and blue pixels 904, 906, 910 do not photoluminesce 
because they clectro/photoluminescc at shorter wavelengths than the emission 926 of 
the red pixels 902, 908. 

Figure 10 shows a CIE chromaticity diagram with ideal red, green and blue pixels 
colours marked at positions 1002, 1004 and 1006 respectively. The effect of tfie self- 
stimulated photoluminesoence described above with reference to Figure 9 is to move the 
blue colour pixel position 1006 towards the green and red (see Figure 9b) to position 
1006a. likewise the green colour pixel position 1004 is moved towards the red (Figure 
9d) to position 1004a- However the red colour pixel position 1002 is substantially 
unchanged (Figure 9f). Therefore, as can be immediately seen fiom Figure 10, the 
colour gamut of die display, diat is die range of colours the display can produce, is 
reduced. It can furdier be qipreciated diat die eflTect of ambient illumination is broadly 
speaking, to shrink the colour gamut by moving each of pixel colour positions 1 002, 
1004 and 1006 inwardly towards white. 

It will be appreciated from Figure 1 0, that correspondingly, die colour gamut of a 
display incorporating photoluminescent di^lay elements may be improved by at least 
partially quenching die photolummescence, in particular self-stimulated 
photoluminescence. Figure 9c shows die effect of photoluminesoence quenching 
appUcd to Figure 9b. pixels 902, 904, 908, 910 having been reverse biased. Likewise 
Figure 9e shows die effect of photoluminescence quenching applied to Figure 9d, pixels 
902 and 908 having been reverse biased. It can be seen diat only selected pucels need to 
be reverse biased, in particular diose pixels emitting at a longer wavelengdi dian diose 
curtendy driven. Thus v/hen blue pixels are electroluminescing red and green pixels 
should be reverse biased and when green pixels are electroluminescing red pixels should 



be reverse biased, no reverse biasing being necessary when red pixels are 
electroluminescing. It will be appreciated that for improvement of the colour gamut of 
a display the photoluminescence need not be ^tirely quenched since partial quenching 
will result in at least some improvement in the colour gamut. 

To allow a colour display to be provided in which, say, blue pixels are illuminated 
vMlst red and green are quenched three sets of staggered waveforms 800 may be 
employed to ensure that only one colour of pixel is forward driven at any one time. 
This can be done by extending the cycle shown of Figure 7, for example as shown in 
Figure 1 1 to increase the reverse bias or "space" period 704. 

In Figure 1 1 like reference numerals to those of Figure 7 are used to denote like 
features, with the addition of a, b or c to denote drive waveforms for red, green and blue 
pbcels respectively. As Figure 1 1 shows, in effect with three colours the cycle is 
extended by a factor of three so that, say, red pixels can be reverse biased whilst green 
and whilst blue pixels are forward driven. This has the effect of reducing the maximum 
brightness of a PWM pixel by 1/3, at least for red pixels. It will be recognised that 
green pixels do not need to be reversed when red pixels are on and that blue pixels do 
not need to be reversed vrtien red and/or green pixels are on. 

The waveform of Figure 1 1 may be generated by the display driver circuitry 504 of 
Figure 5, for example operating along the lines described above with reference to driver 
circuits of Figures 8a and/or 8b. Alternatively an active matrix display may be 
employed, for example with two pixel driver circuits of the type shown in Figure 4 for 
each (colour) pixel, one as shown in Figure 4 to provide forward bias and a second 
similar (but inverted) circuit to provide reverse bias. Data may then be written to the 
pixel driver circuits, for example, under processor control, to bias the pixel in either a 
forward or reverse directioa 

Referring now to Figure 1 2, this shows experimental apparatus 1200 for measuring the 
intensity of photoluminescence emitted by a OLED display device as reverse bias is 
applied. 



A xenon lamp 1202 is coiq>Ied by a lens 1204 to a monochromator 1206, to allow the 
selection of a narrow range of iUuminatmg wavelengths. The ou^ut firom 
monochromator 1206 is then focussed via a pair of lenses 1208, 1210 onto the display 
device-unda-test 1214. The lenses 1208, 1210 allow the monochromator ou^ to be 
modulated by a mechanical chopper vdieel 1212 driven a lock-in amplifier 1224. 
Photoluminescence fiom device-imder-test 1214 excited by the illumination fiom 
monochromator 1206 is collected by lens 1216 and directed onto a photodiode 1220 
also coiq>led to lock-in amplifier 1224. The collected ligjht is filtered by a low-pass 
filter 1218 which rejects scattered light from monochromator 1206 whilst allowing tfie 
photolummescence to pass. A voltage source 1222 is used to provide a variable reverse 
bias voltage to device under test 1214. The lock-in ampUfier 1224 provides an output 
indicating ^ level of photoluminescence fiom device 1214. 

Examples 

The results fiom two exemplary devices will be presented. The first con^nised an 80: 
20 polymer blend of F8BT:TFB with a two layer calcium/aluminium cathode. The 
second comprised a 7920:1 polymer blend of F8BT:TFB:poly(2.7-<9,9^.n- 
octymuorene)-co-(2,5.thimylene-3,6-ben20thiadia2ole-2,5-thim^^ with a three 
layer cathode of lithium fluoride/calcium/aluminium. Both devices photoluminesced in 
the yellow and had an intrinsic yellow colouration. 

Figures 13a and 13b show the variation of photolummescent emission with reverse bias 
for the first and second devices respectively. In each case the devices were excited 
using light having a wavelength of 466 nm, from monochromator 1206, and filter 121 8 
and photodiode 1220 were arranged to collect light of a wavelength longer than 570 nm. 
Hie two grq)hs have been normalised to a maximum 100%photoltminescencelevelat 
zoo ^lied bias. 

Hie two graphs show that with a reverse bias voltage of around 20 volts the 
photoluminescence is reduced to approximately half its initial value. The 
photoluminesence was observed to return to its original intrasity once the reverse bias 
volta^ was removed. 
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It will be appreciated that the reverse bias required for photoluminesence quenching 
depends on both the material or materials used in construction of the relevant OLED 
device and also upon the ambient lighting conditions. Thus in some situations, for 
example with polymer LED-based displays, relatively low reverse bias voltages, such as 
-S volts, -10 volts, IS volts or -20 volts may be all that is required to either quench the 
photoluminescence or to produce a visible improvement in display contrast. Small 
molecule based OLED devices may require larger voltages, such as -20 volts, -30 volts, 
-40 volts or -SO volts. The optimum value of reverse bias for any particular display 
may be determined by routine experimentation, wither along the lines mmtioned above 
or, at its simplest, merely turning up the reverse bias from a low or zero level and 
observing the display contrast visually. 

Figure 14 shows the variation of photoluminescence intensity as a function of 
illuminating wavelength firom monochromator 1206 for the first device. The 
photolimiinescence is cut off when the excitation wavelength is longer than around S70 
nm; the residual tail on the graph of Figure 14 results from scattered light firom the 
excitation source. It can be seen that the maximum photoluminescence is observed 
^en the excitation source has a wavelength of between 400 nm and SOO mn. This 
characterisation assists in selecting an appropriate illumination source. The threshold 
for photoluminescence in the device of Figure 14, S70 nm, corresponds to the minimum 
photon energy which can still generate an exciton in the photoluminescent material. 
Thus in devices where it is desirable to prevent photoluminescence stimulated by 
ambient or background light a filter cutting off at wavelengths above S70 nm placed in 
fiont of the device will reduce ambient light-stimulated photoluminescence whilst still 
permitting photoluminescent emission at wavelengths longer than S70 nm to pass. 

Figure IS illustrates a theoretical mechanism which is believed to be responsible for the 
photoluminescence quenching. Incident illumination causes a n-n transition in one of 
the polymers, of the photoluminescent polymer blend, F8BT, generating an exciton, that 
is a bound hole-electron pair. This exciton may be dissociated by thermal energy 
greater than the exciton binding energy Eb. In an electric field the energy required to 
dissociate an exciton is reduced to approximately Eb - Xed where X is the electric field. 



c the charge on an election and d the distance by vMch the hole and electron must be 
separated in order for the dissociation to be complete. 

Refeiring again to Figure 15, dtis shows the vacuum energy level ISOO and the lowest 
unoccuped molecular rabital (LUMO) energy levels 1 502 and 1 504 TFB and F8BT 
respectively. Figure 1 5 also shows the highest occi^ied molecular orintal (HOMO) 
energy levels 1506 and 1508 for TFB and F8BT respectively. In a simple picture, an 
exciton on F8BT will dissociate if the energy gained by a hole transfened to the HOMO 
of the TFB polymer (0.S6eV) exceeds the binding energy of Ae exciton on the F8BT 
polymer. Similariy an exciton fomed on the TFB polymer wffl dissociate if the energy 
gained by transferring an electron to the LUMO of the F8BT polymer exceeds the 
binding energy of the exciton on the TFB polymer. It is believed that by applying a 
reverse bias electric field Hbs energy needed to dissociate an occiton on the F8BT and on 
the TFB polymer is reduced and thus this hole/electron transfer process is activated - 

that is less eneigy is required for this Inmsfer process and thus, at a given temperature, 
the process is more likely to occur. Dissociation must take place &st»tiian radiative 
recombination. Measurements have determined that the estimated reduction in binduig 
energy is consistent with the energy required to separate a hole^lectron pair by a 
distance roughly equal to the separation between TFB and F8BT polymer chains. 

The described embodiments has mainly related to plications of Ae invention to 
passive matrix disphys but the skUted person wUl appreciate that the invention is not 
limited to such displays. For exmtfk contrast or colour gamut may be improved in 
segmented displays in which each segment has a separate drive line, or in active matrix 
displays in which one or more transistors associated with each pixel maintain a pixel 
drive level after data has been written to the pixel to set the drive level. Likewise 
plications of the invoition are not Umited to organic light onitting diode-biased 
displays but include other types of emissive disptey, such as inoiganic LED-based 
displays. 

No doubt many effective aUeroatives will occur to the skilled person, and it should be 
understood that tiie invention is not limited to the described embodiments but 
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encompasses modifications apparent to those skilled in the ait lying within die spirit and 
scope of the claims appended hereto. 



CLAIMS: 
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1 . A driver for a diq)lay compriang a pluraUty of light emitting diode display 
elements, the driver comprising: 

addressing circuitry to address said display elements; 

a first driver to cooperate with said address circuitry to provide a forward drive 
to at least one of said display elements to illuminate the display element; and 

a second driver to provide a reverse bias drive to others of said display elements 
at the same time as said at least one display element is iUuminated to reduce a level of 
photoluminescence fiom said others of said displ^ elements. 

2. A driver as claimed in claim 1 wherein said first driver comprises a current 
driver and said second driver conqnises a vohage driver. 

3. A driver as chiimed in cUiim 2 further comprising a power supply to generate a 
negative voltage for said second driver fiom a positive voltage supply for said first 
driver. 



4. A driver as claimed m any one of chums 1 to 3 wherein said reverse bias drive 
comprises a reverse bias voltage drive of at least 5V, preferably at least lOV, more 
preferably at least 20V. 

5. A driver as claimed in any one ofclaimsl to 4 configured to provide said 
reverse bias drive to substantiaUy all said display elements except said at least one 
iUuminated display element at the same time as providing said forward drive to said at 
least one display element 

6. A driver as claimed in any one ofclaimsl to 5 configured to provide pulse 
width modulation brightness control a said di^hiy element 

7. A driver as claimed in any one ofclaimsl to 6 wherein said forward drive 
comprises a substantiaUy constant current drive. 



r 
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8. A driver as claimed in any one of claims 1 to 7 wherein said display comprises a 
passive matrix display. 



9. A driver as claimed in any one of claims 1 to 8 wherein said display elements 
comprise display elements of more than one colour. 

1 0. A driver as claimed in any one of claims 1 to 9 wherein said display elements 
comprise organic light emitting diodes. 

U. A combination of the said display and a driver as claimed in any one of claims 1 
to 10 wherein said reverse bias drive is sufficient to provide a reduction in 
photoluminescence, with all display elements off, of at least 5%, preferably of at least 
10%, more preferably of at least 20%, most preferably of at least 50% under an 
illuminance of at least 1000 lux, more preferably 10,000 lux, most preferably 100,000 
lux fiom a source approximating a black body at a temperature of S40blC 

12. A combination of the said display and a driver as claimed in any one of claims 1 
to 10 wherein said reverse bias drive is sufficient to provide a visibly discemable 
improvement in the contrast of said display under illumination of at least 1 000 lux fiom 
a source approximating a black body at S400K. 

1 3. A display driver for a colour display, the display comprising at least two types of 
electroluminescent pixels, a first type of pixel having an emission peaked at a first 
wavelength and a second type of pixel having an emission peaked at a second, longer 
wavelength, the display driver being configured to drive at least some of said first type 
of pixel on at a difiFCTcnt time to pixels of said second type, and wherein the display 
driver is further configured to reverse bias at least some of said second type of pixel 
during the period when said at least some of said first type of pixel are driven on. 

14. A display driver as claimed in claim 13 wherein said at least some of said 
second type of pixel comprise pixels of said second type adjacent pixels of said first 
type. 
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15. A display driver as claimed in claim 13 or 14 for driving a display comprising a 
third type of electroluminescent pixel having an emission peaked at a third wavelength 
longer than said second wavelength, and wherein said display driver is fiirther 
configured to drive said second type of pixel on at a difierent time to pixels of said third 
type and to reverse bias at least some of said third type of pixel during the period when 
saki second type of pixel is driven on. 

16. A di^lay driver as claimed in claim 13, 14 or 15 wherein said display is an 
active matrix displ^. 

17. Disphqr driver cinsmtiy for pn)viding an improved contrast electroluminescent 
disptay, the electroluminescent displi^ comprising a plurality of electroluminescent 
(EL) display elements, the display driver circuitry comprising: 

a driver to apply a first polarity drive to at least one first dispUy element of said 
EL dispby elements to cause said at least one first display element to eleclroluminesce; 
and 

means to apply a second polarity drive to at least one second display element of 
the EL display elements to at least partiaUy quench photoluminescence fiom said at 
least one second dispby element, said first and second display elements comprising 
different dispbty elements, said fiist and second polarity drives comprising opposite 
potarity drives, and said first and second polarity drives at least partially overiiq)ping m 
time. 

18. Display driver circuitry as claimed in claim 17 wherein said second polarity 
drive comprises a voltage drive of at least 5 volts, preferably at least 10 volts, and more 
jmferably at least 20 vohs. 

19. Display driver circuitry as clauned in claim 17 or 18 wherein said means 
comprises switching means to revose said first polarity drive. 

20. Dispkqr driver circuitry as claimed in claim 17 or 18 wherein said means 
comprises negative voltage generation means to generate a negative voltage from a 
positive voltage power supply to said display driver circuitry. 



21. Display driver circuitry as claimed in any one of claims 17 to 20 wherein said 
driver comprises a current driver and said first polarity drive comprises a substantially 
constant cunrent drive. 

22. Display driver circuity as claimed in claim 21, wherein said driver is pulse 
width modulatable. 

23. Display driver circuitry as claimed in any one of claim 1 7 to 22 wherein said 
display driver circuitry includes first and second electrode driver circuitry to drive first 
and second groups of electrodes of said display to address said display elements, and 
herein said at least one second display element comprises at least one display element 
sharing a said first electrode with said at least one first display element. 

24. Display driver circuitry as claimed in any one of claims 1 7 to 23 v^erein said 
display is a multi-colour display. 

25. Display driver circuitry as claimed in any one of claims 1 7 to 24 vdierein said 
display comprises a passive matrix organic light emitting diode display. 

26. Display driver circuitry as claimed in claim 17 wherem said display is an active 
matrix diq)lay. 

27. An active matrix multicolour display, the display comprising a plurality of light 
emitting diode display elements and a plurality of associated display element driver 
circuits, a said display element driver circuit being configured for providing both a 
forward and a reverse drive to the display element with which it is associated. 

28. A method of using a display driver to improve contrast in a display comprising a 
plurality of light emitting diode display elements, the method comprising operating the 
display driver to reverse-bias non-emitting display elements to at least partially quench 
photoluminescence fiom said non-emitting display elements whereby said display 
contrast is enhanced. 
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29. A method as claimed in claim 28 wherein said photoluminescence is 
substantially completely quenched. 

30. A method as claimed in claim 28 or 29 further comprising operating the display 
driver to forward bias emitting display elements and wherein said reverse biasing of 
said non^'tting di^y elements overlaps in time with said forward biasing of said 
emittii^ disph^ elemoits. 

31. A method as claimed in claim 30 wherein said display is a multicolour display, 
the method further comprising operating the display driver to reverse bias non-emitting 
display elements of a first colour whilst forward biasing display elements of a second 
colour, said second colour being bluer or of a shorter wavelength than said first colour. 



32. A method as claimed in any one of claims 28 to 31 wherein said display 
driven using a supply voltage and wherein said reverse biasing inchides generating 
voltage of an opposite polarity to a polarity of said supply voltage for application to 
said 



is 
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33. A method as cfaumed in any one of claims 28 to 32 wherein said light emitting 
diode display elements comprise organic Ught emittmg diode display elements. 

34. Use of a display driver to improve contrast in a display comprising a pluraUty of 
light emitting diode display elements, comprising using the display driver to revenc 
bias non^mitting dispby elements to at least partially quench photoluminescence fimn 
said ncnhemitting di^lay elements. 

35. A method for improving the contrast of a multicolour organic 
electroluminescent display device, the di^ky device comprising a plurality of organic 
electrohmiinescent elements, and a driving device for selectively controlling the current 
through each element and the bias voltage across each element such that each organic 
eletrohmiinescent element may be selectively forward biased to cause Ught emission 
fiom said element, unbiased or reverse biased, the method being characterised in that 
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when a selection of said organic electroluminescent elements are forward biased a 
fiirther selection of said organic electroluminescent elements are reverse biased at a 
voltage sufficient to quench the photolummescent emission emitted from said fiirdier 
selection of electroluminescent elements. 

36. The method of claim 35 wlierein said fiirther selection of electroluminescent 
elements are reverse biased at a voltage greater than 5 volts, 

37. The method of claim 36 wherein said fiuther selection of electroluminescent 
elements arc reverse biased at a voltage greater than 1 0 volts. 

38. The method of claim 35 vdierein wdien said selection of organic 
electrolummcscent elements which are forward biased comprise an electroluminescat 
material emitting at a first wavelength and wherein only those fiirther 
electroluminescent elements which comprise material emitting at a second, longer 
wavelength are reverse biased at a voltage sufficient to quench the photoluminescent 
emission. 

39. A method of increasing the colour gamut of an emissive colour display^ the 
display comprising at least two types of electroluminescent pixels, a first type of pixel 
having an emission peaked at a first wavelength and a second type of pixel having an 
emission peaked at a second, longer wavelength, the method comprising reverse biasing 
at least some of said second type of pixel at least whilst some of said first type of pixel 
are illuminated. 
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